There is now a wealth of evidence that contraction and relaxation of striated muscle are preceded by a rise and fall in intracellular ] transient is of the appropriate size to produce the observed changes in tension. This problem is more acute in the presence of inotropic agents such as adrenaline which could increase tension either by mobilizing calcium from various sources or by modifying other components of the contractile systemt 3 ). Furthermore the mechanism of release of calcium and the source(s) of the calcium are still subjects of dispute!- 
Methods
The experiments were performed on papillary muscles and trabeculae from the right ventricles of rats and young cats. The animals were anaesthetized with chloroform, the heart was rapidly excised and washed with oxygenated Tyrode's solution. If a suitable muscle (length >2-5 mm, diameter <06 mm) was present, it was excised and mounted horizontally in a bath. The bath was perfused throughout the experiment with Tyrode's solution equilibrated with 95% O 2 and 5% CO 2 and at 30'C. Muscles were stimulated by platinum wire electrodes close to one end of the muscle using 5 ms pulses at about I-5 x threshold. Muscle diameter was measured using a binocular microscope with
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the muscles stretched to L max (the length at which developed tension is maximal) so that tension development could be normalized by crosssectional area. Except during experimental procedures or injection, muscles were maintained under standard conditions which were as follows: stimulation interval 5 s, length L max , external [Ca ++ ] 2-0 rmi, temperature 30°C. Aequorin, at a concentration of 2CM0 UM and dissolved in 75-150 HIM KCI, pH 7-8, was introduced into glass micropipettes and then pressure injected into cells on the upper surface of the preparation. The details of the aequorin preparation and of the injection technique have been described elsewhere! 11 ' *]. The resulting light signals were recorded with a photomultiplier after a box had been drawn down over the preparation to exclude light. Light, tension and stimulus signals were all recorded on magnetic tape for subsequent processing and analysis.
It was necessary to inject between 20 and 60 cells and then to average the signals from 32 to 64 contractions to achieve the signal-to-noise ratio shown in the figures. At the end of the experimental injection period, tension production and membrane potential generally showed no significant changes. The only evidence of damage that we could detect were very occasional, large transient increases in light output unrelated to stimulation. We assume that these represent one injected cell which is temporarily damaged so that some fraction of the aequorin within the cell is discharged by inward leakage of extracellular calcium.
In order to compare the time course of relaxation in different contractions, we measured the time for tension to fall from 75% to 25% of the peak value. The time course of the decline of the light signal was characterized by the time taken for light to fall from 50% to 25% of the maximum value.
CALIBRATION
At the end of each experiment the aequorin in the preparation was discharged by destroying the cell membranes with 5% Triton X-I00 and the resulting light emission recorded. The integral of this light gives the amount of active aequorin remaining in the preparation. By integration of the light produced during the experiment, one can calculate the fraction of aequorin consumed during the experiment. In our experiments which were typically involved about 8 h of stimulation following injection and about 5000 contractions, consumption of aequorin amounted to about 10-15% 
DIFFERENCES BETWEEN CAT AND RAT MUSCLES
Rat muscles required fewer injections than cat muscles to achieve the same signal-to-noise ratio. This seemed to be because during the early part of the experiments the muscles were almost fully activated mechanically under our standard conditions and in association with this the intracellular [Ca ++ ] and the fractional luminescence were relatively high. However over the time course of the experiments the tension produced by rat muscles declined substantially (as noted by others!' 4 !) and the light signals declined in parallel so that when rat and cat muscles were compared at similar degrees of activation, the fraction luminescences were about the same.
Results
Light and tension responses recorded from an aequorin-injected rat trabecula muscle under our standard conditions are shown in Fig. 1 . No light emission was detectable before stimulation, so that baseline noise represents the variations in photomultiplier dark current. About 5-10 ms after stimulation, light emission increased suddenly and rose monotonically to reach a maximum at 25-50 ms after the stimulus. Light emission then started to decline and from about 75% of maximum light down to 0% the decay approximated to an exponential with a half time of 12-25 ms. Thus at peak tension (75-150 ms after the stimulus) the light signal was usually considerably less than 10% of the maximum value. In cat muscles (Figs 2-5) the general relation between light and tension is very similar but the contractions are much slower and the above figures are three to four times larger.
The [ Figure 3 shows the effects of changing stimulus frequency on light and tension responses from an aequorin-injected cat trabecula muscle. The range of frequencies extends from 1/min which is close to the rested state ratel"! to 120/min which is close to the maximum at this temperature and at which there is probably some degree of hypoxia in the core of this muscle (diameter 0 -5 mm)!' ] and covers much of the tension range of which the muscle is capable. As is well known, the time to peak tension varies over a considerable range (450 ms at 1/min, 180 ms at 120/min) but the time course of relaxation is only affected to a small extent being slightly faster at high frequencies (time from 25% to 75% relaxation is 130 ms at 1/min and 80 ms at 120/min). Peak light emission varies over a very large range but time to peak light did not change significantly.
However the time course of the decline of light decreases very substantially as frequency increases, from a half time of 170 ms at 1/min to 30 ms at 120/min. At each frequency the light emission returned to a small fraction of the peak light at the time at which peak tension occurred despite the large changes in time to peak tension.
The interval-strength relation in rat differed in various respects. Rat papillary muscle is often quoted as having atypical interval-strength relation with larger tensions developed at low frequencies of stimulation than at high! 17 ). We observed this behaviour early in an experiment but found that because of the decline in tension which occurred as the experiment proceeded, later in the experiment the interval-strength relation had become more typical of ventricular muscle with less tension at low frequencies than at high. Similar observations have been reported by others!' 9 !. The amplitude of the light transients changed in the same manner as the developed tension. Time to peak tension did not vary to any great extent with frequency and the effects of frequency on the rate of decline of light seen in cat muscle were present in rat muscle but much less dramatic. The influence of adrenaline on a cat trabecula muscle is shown in Fig. 4 . At high adrenaline levels peak tension is close to the maximum that the muscle is capable of and at the time to peak tension is substantially decreased. The time course of tension relaxation was unaffected at lower adrenaline levels but at ICMM adrenaline it was actually slowed due to the appearance of a second component of tension related to the second peak of light. At low adrenaline levels the peak light increases dramatically and there is a substantial increase in the rate of dec'ine of light. At high adrenaline levels two other components of light emission are apparent. A second peak of light emission occurs at 400-500 ms after the stimulus. In some experiments this component has been as large as 50% of the first peak and in these experiments the corresponding hump of tension on the relaxation phase of the main tension component was much more pronounced than is apparent in Fig. 4 . The third peak of light emission rises slowly to a maximum at 1 to 1-5 s after the stimulus and then declines equally slowly. The amplitude of this component was typically 10% of the first component. A small, slow component of tension accompanies this peak of light emission but only amounts to 1% of the tension associated with the first peak of light. Addition of 10~5M propranolol to the bathing solution returned both tension and light responses to essentially the control situation. When similar experiments were performed on rat papillary muscles, the increase in peak light was much less dramatic, there were no changes in the time course of tension or light records and there was no evidence of 2nd or 3rd components of light emission. Figure 5 shows the effects of various doses of caffeine on the light and tension responses of an aequorin-injected cat trabecula muscle. The time to peak tension is prolonged progressively at each of the caffeine concentrations and the rate of relaxation progressively declines. At the highest caffeine concentrations tension production was the maximum that the muscle was capable to. The aequorin light responses in the presence of caffeine often appears to have three detectable components. The first is a rapidly rising component which gets progressively slower as the caffeine concentration rises. During the second component, the light response changes more slowly and falls at low caffeine concentrations but rises at higher concentrations. This component lasts almost to the peak of tension and is followed by the third component in which the light falls exponentially with a half time which can be longer than the control records (as in Fig. 5 ) or of about the same length. The amplitude of the light responses may be smaller than the peak of the control (as in Fig. 5 ) or a little larger. The effects of caffeine on rat ventricular muscles were broadly similar though the various components of the light response could not be distinguished.
Discussion
These experiments clearly show that it is possible to measure light transients from mammalian ] indicator. The evidence for absence of damage to injected cells is indirect and rests on (1) the absence of detectable changes in tension production or membrane potential in the muscle, (2) the fact that the recorded light signal under standard conditions at least in cat muscles are constant over many hours, (3) the fact that aequorin luminescence is generally low and consumption is very slow so that the injected cells are clearly still capable of maintaining a low intracellular [Ca ++ ], and (4) the fact that aequorin has been injected into many other cell typesl'l without evidence of damage. On the other hand we do have evidence of transient damage probably to individual injected cells (see Methods) but this is always short-lived. Since the amount of light in these events is usually much less than that represented by the total amount of aequorin in one cell, we assume that the intracellular [Ca ++ ] does not rise long enough to discharge all the aequorin in a cell and therefore that this type of damage is self-limiting. 5) There is a cellular extrusion mechanism presumably located in the sarcolemma which ejects calcium ions into the extracellular space against the electrochemical gradient for calcium partly by a non-energy dependent Na + /Ca ++ exchange mechanisml 29 ! and partly by an ATP-dependent mechanismt 30 
!.
With so many processes going on simultaneously, none of which is completely characterized, it is likely that the observed [Ca ++ ] transient could be described by a variety of quantitative variations of the above processes. Our long-term aim is to try and model these processes and determine whether any types of model can be excluded on the grounds that they cannot be manipulated to produce the observed [Ca ++ ] transient. We have not attempted such modelling yet and confine our attention principally to various aspects of the results which do not seem easily explained by the currently envisaged mechanisms.
In the absence of drugs, the time course of rise of light is constant but the amplitude of peak light varies over a large range. This can be easily understood in terms of the conventional model, e.g.l 3 '! in which contractility is thought to be controlled by changes in the amount of calcium in a stored site from which it is released by changes consequent on the action potential. The time course of the decline in light emission however is quite variable. Thus raised extracellular [Ca ++ ], increased stimulus frequency and the presence of adrenaline each lead to an increase in the peak light and to a faster time course of the decline of the light signal. The shortening of time to peak tension seen in potentiated contractions and the increase in the rate of decline of the light signal seemed to be matched so that to a first approximation the time to peak tension and the time at which the light signal decayed to zero remain closely correlated in time.
We envisage that the early part of the decline of the light signal is dominated by binding of calcium to troponin but that uptake by sarcoplasmic reticulum and by cellular extrusion also contribute. Each of these processes will proceed on a faster rate when the intracellular [Ca ++ ] is higher than when it is low so that if variable amounts of calcium were suddenly released at the start of contraction we would expect an exponential decline in each case and that the time to reach any particular [ ] particularly when tension is low and time to peak tension is prolonged.
The two additional components of light seen in the presence of high doses of adrenaline are not simply explained by any of the processes enumerated above and are one indication that these processes alone are inadequate for a complete description of the calcium movements in the cardiac cell. The two phases of the increase in light seen in the presence of caffeine may represent calcium release followed by calcium entry in a situation where to total calcium reaching the troponin is so great that these sites are rapidly saturated.
The second general question which we would like to deal with is whether the light transient and underlying [Ca ++ ] transient are of the correct magnitude and time course to explain the time course and magnitude of tension. The most rigorous way to answer this question would be to calculate from the observed [Ca ++ ] transient the expected tension development. This approach requires detailed knowledge of the way in which calcium interacts with troponin including the forward and backward rate constants, knowledge of the interactions of troponin, tropomyosin and actin and of the kinetics of crossbridge attachment and detachment.-Only part of this information is currently available and we restrict ourselves for the moment to certain simplified approaches.
One aspect of the above question is whether the increases in light and [Ca ++ ] seen in the presence of the various inotropic interventions are of appropriate magnitude to explain the increased tension. Since light and tension both change rapidly throughout a contraction, it is not possible to observe directly the steady-state relation between the two variables. In addition there are the further problems that (i) the time courses of both tension and light change in response to the inotropic agents, and (ii) at the lower [Ca ++ ] the time-course of the approach to equilibrium of the binding of calcium to troponin will be much slower than at higher levels of [Ca ++ ]!"]. In an attempt to circumvent these problems we have measured both light and tension at a constant time after the stimulus which approximates to the time at which peak light occurs (see inset to Fig. 6 ). Since the time course of the rise of light is hardly affected by the interventions we have used, we are in effect examining the initial rate of rise of tension to a pulse of [Ca ++ ] which varies in amplitude but not in time course. In Fig. 6 Fig. 6 are from the same muscle). The three points in adrenaline all appear to lie on a parallel relation to the previous points but shifted to the right. The implication is that (1) adrenaline reduces the sensitivity of the contractile system to the intracellular [Ca ++ ], and (2) 10" 8 , 10" 7 and 10" 6 M adrenaline are approximately equipotent in this respect, i.e. the reduction in sensitivity occurs at relatively low adrenaline levels and is saturated by M. Inspection of the response in 10" 6 M adrenaline (Fig. 4) supports the conclusion that the sensitivity of the contractile system to [Ca ++ ] is reduced. Thus the third peak of light emission is of about equal amplitude to the light transient in the control record yet tension development during this peak is only a very small fraction of that seen during the control record. These observations lend strong support to the biochemical findings! 33 ], which have shown that adrenaline leads to increased cAMP levels which result in phosphorylation of the inhibitory subunit of troponin and to a reduced sensitivity of the acto-myosin ATPase to calcium. It remains mysterious why cardiac muscle should in the presence of adrenaline both increase the intracellular calcium levels and simultaneously decrease the sensitivity of the regulatory proteins to [Ca++] .
The rate of relaxation of tension in cardiac muscle is an important variable because it is a factor in determining the period of diastole during which cardiac filling can occur. Since a fall in intracellular [Ca 
